Chemical modification of chitosan is increasingly studied for its potential of providing new application for chitosan. Here, we modify chitosan at its primary hydroxyl via 'click chemistry', and a group of novel water soluble chitosan derivatives with substituted 1,2,3-triazolyl group were designed and synthesized. Aliphatic alcohols with different lengths were used as functional dendrons to improve the antifungal activity of chitosan derivatives. Meanwhile, their antifungal activity against two kinds of phytopathogens was estimated by hypha measurement in vitro. All the chitosan derivatives exhibited excellent activity against tested fungi. It is found that the antifungal activity of chitosan derivatives against the tested fungi increases with augment in the chain length of straight aliphatic alcohols. And the hydrophobic moiety (alkyl) at the periphery of the synthesized chitosan derivatives tends to affect their antifungal activity.
Introduction
Chemical modification of polysaccharides is increasingly studied for its potential of providing new applications for such abundant polymers. Chitosan is one of the most abundant natural polysaccharides. The antifungal ability, coupled with its non-toxicity, biodegradability, and biocompatibility, facilitates its emerging applications in food science, agriculture, medicine, pharmaceuticals, and textile areas. [1] [2] [3] [4] [5] [6] To promote its antifungal activity, a large number of chitosan derivatives have been prepared such as N,O-(acyl)chitosan, hydroxyethylacryl chitosan, and acyl thiourea chitosan by performing chemical modification. [7] [8] [9] [10] [11] However, the application of chitosan and many chitosan derivatives is limited due to their solubility mostly in diluted organic solutions such as formic, acetic, and succinic acid, as well as in a very few inorganic solvents, such as hydrochloric, phosphoric, and nitric acid at pH below 6.5. 12 Therefore, it is strongly desired that chitosan derivatives with high antifungal ability and good water solubility are developed.
Triazole and its derivatives represent an interesting class of heterocyclic compounds. They are known to possess many biological activities such as antimicrobial, anti-tubercular, antiinflammatory, and anticancer activities. [13] [14] [15] [16] [17] In fact, some of their derivatives are active constituents of currently used drugs. 13 It is also reported that a series of triazole derivatives were discovered as a novel class of tubulin polymerization inhibitors that bind to the colchicine site on tubulin. 16 The copper(I)-mediated 1,3-dipolar cycloaddition of azides and terminal alkynes developed by Sharpless and Meldal is considered to be the most popular reaction of the "click chemistry" concept and it represents the most straightforward synthesis of 1,2,3-triazoles. 18 The most representative click reaction should be the Cu (I)-catalyzed [3 + 2] cycloaddition. In recent years, copper-free click reaction using strained cyclooctyne is also extensively investigated and utilized for the bioorthogonal and biocompatible labeling of a variety of biomolecules, living cells, and animals. [19] [20] [21] [22] This reaction leads to the efficient formation of the corresponding 1,4-disubstituted-1,2,3-triazoles as a sole regioisomer using alkyl, aryl, or sulfonyl azides. 23 The reactions take place with high yields, under mild conditions, and use copper sources that have no impact on most of the other functional groups. The modification of carbohydrate polymers by "click chemistry" will help to overcome their disadvantages, such as low selectivity, complicated reaction condition, various side reactions, and low yield, and remarkably improve their substitution efficiency. 24 On the basis of these observations, it was thought of synthesizing a new class of chitosan derivatives, wherein triazolyl was linked to chitosan as substituent via "click reaction". Application of "click reaction" allows us to design various chitosan based materials via a one-step reaction from azido-chitosan and terminal alkynes with different substituent groups. In our previous work, it was found that the length of alkyl substituent at the periphery of the polymer tended to affect the antifungal activity of chitosan derivatives. 25 Sajomsang and Badawy also reported that the antifungal activity of chitosan derivatives against the plant pathogenic fungi increased with an increase in the chain length of alkyl substituent. 26, 27 These observations inspired us to modify chitosan with long alkyl chain substituted 1,2,3-triazolyl a at the periphery of the polymer to improve antifungal activity of chitosan derivatives.
Our aim is to develop water-soluble chitosan derivatives which possess good antifungal ability. In this paper, we report design, synthesis, and antifungal activity of a group of novel water-soluble chitosan derivatives. "Click reaction" is selected as the key step to synthesize 1,4-disubstituted-1,2,3-triazolyl. Straight aliphatic alcohols with different lengths were used as functional dendrons to improve the antifungal activity of chitosan derivatives. For comparison, chitosan derivatives with two branched aliphatic alcohols substituted 1,2,3-triazolyl were also synthesized and studied under identical conditions. The chemical structures of the derivatives were characterized by FT-IR and 13 C NMR (Table S1 in Supplementary material).
Plant pathogenic fungi negatively affect a large number of important fruits and vegetables, and limit crop production worldwide, especially in developing countries. For example, Phomopsis asparagi can cause stem blight of asparagus and lead to yield loss. 28 Control of these plant-threatening fungi could benefit the production of related vegetables, fruits, and crops. Therefore, two common plants-threatening fungi, Colletotrichum lagenarium and P. asparagi were selected to evaluate the antifungal property of the derivatives by hypha measurement in vitro.
Experimental

Materials
Chitosan was purchased from Qingdao Baicheng Biochemical Corp. (China). Its degree of deacetylation is 97% and the viscosityaverage molecular weight is 7.0 × 10 4 . The low molecular chitosan was degraded from the chitosan mentioned above. 3-Pyridinecarboxaldehyde was purchased from Aladin Chemical Corp. Terminal alkynes (propargyl alcohol, 3-butyn-1-ol, 3-butyn-2-ol, 5-hexyn-1-ol, 10-undecyn-1-ol, and 3-methyl-1-pentyn-3-ol) were purchased from Sigma-Aldrich with a minimum purity of 98%. The other reagents such as hydrazine monohydrate, iodomethane, sodium iodide, sodium hydroxide, cuprous iodide, potassium iodide, and solvents are analytical grade and were supplied by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
Analytical methods
FT-IR spectra were measured on a Jasco-4100 Fourier Transform Infrared Spectroscopy (Japan, provided by JASCO Co., Ltd. Shanghai, China) with KBr disks. 
The synthesis of chitosan derivatives
The synthetic routes for the preparation of chitosan derivatives are shown in Scheme 1.
6-Azido-6-deoxy-N-phthaloyl-chitosan (3) was prepared according to the methods reported by Ifuku et al. 29 DSazide 0.94; To produce 6-azido-6-deoxy-chitosan (4), compound 3 (2 g, 6.3 mmol) was dissolved in N-methyl-2-pyrrolidone (NMP) (60 mL), and 50 mL of 4 M aqueous hydrazine monohydrate was added afterward. The mixture was stirred at 100°C for 4 h under Ar. The mixture was then precipitated into ethanol, and the precipitate was collected by filtration and washed by ethanol. The products were dried at 60°C for 24 h, yield: 67.0%; 13 C NMR/DMSO:δ 107.7-56.6 ppm (pyranose rings); FT-IR (thin film): v 3378 (NH2 and OH), v 2109 (C-6-azido), v 1592 (NH2).
Preparation of 6-azido-6-deoxy-N-trimethyl quaternary ammonium chitosan (5): 30 a mixture of compound 4 (0.72 g, 3.6 mmol), 2.16 g sodium iodide, 4 mL aqueous sodium hydroxide solution (15%, w/v), and 4 mL iodomethane in 30 mL NMP was stirred at 60°C for 1 h. The mixture was precipitated into ethanol, and the precipitate was collected by filtration and washed by ethanol. The products were dried at 60°C for 24 h, yield: 87.0%; DSquaternary 0.91; Preparation of compound 6a-6f: a mixture of compound 5 (1.0 mmol), 12 mg cuprous iodide, terminal alkynes (2.0 mmol), and 3 mL triethylamine in 20 mL dimethyl sulfoxide (DMSO) was stirred at 75°C for 48 h under Ar. The mixture was filtered and the filtrate was collected and precipitated into ethanol. The precipitate was washed with saturated solution of potassium iodide and filtered. The unreacted alkyne was extracted in a Soxhlet apparatus with ethanol for 2 days. The products were dried at 60°C for 24 h. 
Antifungal assays
Antifungal assays were performed by following the plate growth rate method described by Guo et al. 31 Briefly, the compounds were dispersed in distilled water at a concentration of 5.0 mg/mL. Then, each sample (chitosan, compound 5 and 6a-6f) solution was added to sterilized potato dextrose agar to give final concentrations of 0.1, 0.5, and 1.0 mg/mL. Carbendazim solution with the same concentration was used as positive control. After the mixture was cooled in the plate (6.0 cm diameter), 5.0 mm diameter of fungi mycelium was transferred to the test plate and incubated at 27°C for 2-3 days. When fungi mycelium in control plate (without the presence of samples) reached edges, the antifungal index was calculated as follows:
where Da is the diameter of growth zone in test plate and Db is the diameter of growth zone in control plate. Each experiment was performed in three replicates, and the results were shown as mean ± SD. The Scheffe method was used to evaluate the differences of antifungal index. Results with P < 0.05 are considered as statistically significant. 
Results and discussion
Chemical syntheses and characterization
The synthetic procedures for the chitosan derivatives 6a-6f are shown in Scheme 1. N-Phthaloyl-chitosan (1) was selected as intermediate to protect the amino group of chitosan, as it was reported that chemical modification of chitosan with phthaloyl group could lead to 2-N regioselective substitution. 29, 33 Azidation of compound 2 could be conveniently achieved through a nucleophilic substitution at C-6 with sodium azide to get 6-azido-6-deoxy-N-phthaloylchitosan (3). Subsequently, deprotection of compound 3 was conducted to remove the pathaloyl protecting group, and the amino group could be exposed for further chemical modification. Then quaternary ammonium salt was chosen as polymer part by virtue of its water-solubility in neutral and alkaline aqueous solutions. Meanwhile, the quaternary ammonium salt could prompt the antifungal activity of chitosan as it has high positive charge. 34 The 1,4-disubstituted-1,2,3-triazolyl was easily formed by "click reaction" of 6-azido-6-deoxy-N-trimethyl quaternary ammonium chitosan (5) and terminal alkynes with different aliphatic alcohols as substitutes in the presence of cuprous iodide.
Each step of the synthesis was followed by FT-IR and 13 C NMR spectroscopy test. The FT-IR and 13 C NMR spectra of intermediate products, compounds 6a-6f are shown in Figs. 1 and 2 respectively. As shown in Fig. 1 , a strong peak at 2105 cm −1 is assigned to characteristic vibration of C-6-azido, and three absorption bands at 721, 1716, and 1774 cm −1 are attributed to phthalimide group. 35 In the 13 C NMR spectrum of compound 3, the stretching vibration of carbonyl group C=O at 172.8 ppm and that of aromatic ring at 139.8, 136.7, and 128.3 ppm can be obviously observed (Fig. 2) . The peak of C-6 carbon shifts downfield to 55 ppm as a single signal, supporting regioselective and complete C-6 substitution of the azide moiety. 29 After deprotection of pathaloyl group, three peaks at 721, 1716, and 1774 cm −1 are completely absent from the FT-IR spectrum of 6-azido-6-deoxy-chitosan (4), compared with the FT-IR spectrum of compound 3 (Fig. 1) . Meanwhile, the disappearance of peaks at 172.8, 139.8, 136.7, and 128.3 in 13 C NMR spectrum confirms the success of compound 4 preparation (Fig. 2) . In the FT-IR spectrum of compound 5, new peaks appear at about 1623 cm −1 , which are assigned to quaternary ammonium salt, and the peak at 1477 cm −1 is ascribed to the characteristic absorption of N-CH3. 36 In the 13 C NMR spectrum of compound 5 (Fig. 2) , carbon of N-CH3 is clearly observed at 54.3 ppm.
As long as we got 6-azido-6-deoxy-N-trimethyl quaternary ammonium chitosan (5), the 'click chemistry' could be performed in an elegant way with terminal alkynes to synthesize the aimed chitosan derivatives. 35 As shown in Fig. 1 , the peak at 2105 cm −1 in compound 5 spectrum disappears after C-6-azido was transformed to 1,2,3-triazolyl and a new sorption band at about 794-809 cm −1 appears. In the spectrum of compound 6d, the other two prominent peaks at 2927 and 2854 cm −1 are assigned to the C-H of methylene in long alkyl chain. As seen in Fig. 2 , the signals of carbons in 13 C NMR spectra are well attributed to the structure of the chitosan derivatives 6a-6f. The 1,4-triazole linker is clearly observed at 129.7-153.1 ppm as two new peaks. 35, 37 In the spectra of compounds 6a-6d, the peak at about 54.2-60.7 ppm can be assigned to the methylene moiety of hydroxymethyl group, and the peaks of other methylene in aliphatic alcohols can be found in 23.0-32.6 ppm for compounds 6b-6d. 29 In the spectra of compounds 6f-6e, the peaks at 59.3 and 72.5 ppm are assigned to tertiary carbon and quaternary carbon of the hydroxymethyl group in compounds 6f and 6e, respectively. Moreover, the carbon of methyl in aliphatic alcohols can be observed at 19.2 and 13.0 ppm.
Solubility of the chitosan derivatives
The application of chitosan is restricted to only acidic conditions where the NH2 group becomes protonated. 24 Many chitosan derivatives have low solubility in several kinds of solvent even in acidic water and aprotic polar solvents. The further enhancement of the antimicrobial activity of chitosan over a broader pH range will promote its application in many areas. The quaternization of chitosan is an important means for improving its solubility. After quaternization, compounds 5, 6a, 6b, and 6c show favorable water solubility. The concentration of compounds 5, 6a, 6b, and 6c in water is more than 10 mg/mL. Compounds 6d, 6f, and 6e show lower solubility than compounds 6a, 6b, and 6c, which may result from the long alkyl chain and hydrophobic moiety at the periphery of the synthesized chitosan derivatives. And the concentration of compounds 6d, 6f, and 6e in water is between 5 and 10 mg/mL.
Antifungal activity
Chitosan has poor solubility in water, so we used water-soluble low molecular chitosan in antifungal activity test. Here, we tested the antifungal activity of chitosan, compounds 5 and 6a-6f against two common plant-threatening fungi C. lagenarium and P. asparagi. The results are shown in Figs. 3 and 4 . Carbendazim solution with the same concentration was used as positive control. And carbendazim solution could inhibit fungal growth completely at all the test concentration.
As seen in Fig. 3 , chitosan and its derivatives show antifungal activity at all the tested concentrations against C. lagenarium, and the inhibitory indices of all the samples mount up with increasing concentration. The antifungal activity of chitosan is soft against C. lagenarium and the inhibitory index is 32.0% at 1.0 mg/mL. Chitosan derivatives 6a-6f show better antifungal activity than chitosan and quaternary ammonium chitosan (5) , and the inhibitory indices of compounds 6a-6f are 61.7%, 75.5%, 79.0%, 79.5%, 79.3%, and 81.2% at 1.0 mg/mL, respectively. It is obvious that compound 6a shows much better antifungal activity than chitosan, which suggests that triazolyl groups maybe the antifungal function groups. For compounds 6a-6d, we observed an increase of bioactivity with the augment of alkyl chain length. This observation is in agreement with the results obtained by our team and literatures. [25] [26] [27] 38 Meanwhile, compounds 6e and 6f exhibit higher inhibitory indices than that of compound 6a. By comparing the difference of compound structures, we can speculate that the increased antifungal activity of compounds 6e and 6f may benefit from alkyl groups grafted in the compounds since alkyl group has better hydrophobicity. 25, 38 Fig . 4 shows the antifungal activity of chitosan and all the derivatives against P. asparagi. All the samples show antifungal activity against P. asparagi, and the inhibitory indices of them enhance with increasing concentration. The inhibitory indices of chitosan, compounds 5 and 6a-6f against P. asparagi are 21.3%, 43.5%, 62.0%, 73.2%, 77.5%, 78.8%, 69.8%, and 73.1% at 1.0 mg/mL, respectively. It is obvious that the inhibitory indices of six chitosan derivatives 6a-6f are higher than that of unmodified chitosan and quaternary ammonium chitosan (5) at the same concentration. The results further confirm that triazolyl group grafted into the synthesized chitosan derivatives contribute a lot to the antifungal action and consequently increase the antifungal activity of them. Moreover, the quaternary ammonium group could also have a synergies effect as they exhibited a variety of biological activities including antifungal activity. Similar to the antifungal activity against C. lagenarium, the antifungal activity of chitosan derivatives 6a-6d against P. asparagi increases with an increase in the chain length. And the hydrophobic moiety at the periphery of the synthesized chitosan derivatives (6e and 6f) should affect the antifungal activity of them.
Conclusion
In this paper, a group of novel chitosan derivatives containing 1,2,3-triazolyl with aliphatic alcohols are successfully synthesized through chemical modification of chitosan. Straight aliphatic alcohols with different lengths and branched aliphatic alcohols were used as functional dendrons to improve the antifungal activity of chitosan derivatives. The antifungal activity against two kinds of plantthreatening fungi was estimated by hypha measurement in vitro. All the chitosan derivatives showed good solubility in water, and exhibited higher inhibition indices than chitosan. These data demonstrate that 1,2,3-triazolyl functional group will contribute to the biological activity against some plant fungi as triazoles are effective antimicrobial functional groups. Moreover, the antifungal activity of the synthesized chitosan derivatives increases with an increase in the chain length of alkyl substituent. In addition, the antifungal activity of these chitosan derivatives is enhanced by the hydrophobic moiety (methyl and ethyl) at the periphery of molecular chains. Those results suggest that long length aliphatic alcohol substituent and hydrophobic property of the grafted moiety can improve the antifungal activity of chitosan derivatives. Further study will be carried out to ascertain this hypothesis. This report provides a new strategy to modify chitosan so that derivatives have higher antifungal activity and to promote the application of chitosan over a broader pH range.
